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Abstract. Photopolymerization is commonly used in a broad range of bioapplications, such as drug delivery,
tissue engineering, and surgical implants, where liquid materials are injected and then hardened by means of
illumination to create a solid polymer network. However, photopolymerization using a probe, e.g., needle guiding
both the liquid and the curing illumination, has not been thoroughly investigated. We present a Monte Carlo
model that takes into account the dynamic absorption and scattering parameters as well as solid–liquid boun-
daries of the photopolymer to yield the shape and volume of minimally invasively injected, photopolymerized
hydrogels. In the first part of the article, our model is validated using a set of well-known poly(ethylene glycol)
dimethacrylate hydrogels showing an excellent agreement between simulated and experimental volume-growth-
rates. In the second part, in situ experimental results and simulations for photopolymerization in tissue cavities
are presented. It was found that a cavity with a volume of 152 mm3 can be photopolymerized from the output of a
0.28-mm2 fiber by adding scattering lipid particles while only a volume of 38 mm3 (25%) was achieved without
particles. The proposed model provides a simple and robust method to solve complex photopolymerization
problems, where the dimension of the light source is much smaller than the volume of the photopolymerizable
hydrogel. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.19.3.035004]
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1 Introduction
Photopolymerization1,2 is a widely used method to harden poly-
mers in a controllable manner by illuminating a liquid monomer
or an uncured polymer precursor. Originally used in the field of
coatings, printing, paints, adhesives, optical fibers, etch resist, or
printed circuits,3–6 it quickly found its way into the biomedical
sector where photopolymerizable materials are used for dental
implants,7 cell encapsulation,8 tissue-replacements,9,10 drug
delivery,11 implant coatings, bio-glues,12 and microfluidics.13
However, when materials are introduced and cross-linked in
the body by means of photopolymerization, illumination
becomes challenging, since surgical procedures tend to be min-
imally invasive:14 large-polymer volumes have to be illuminated
with small light-emitting surfaces, for example through the tip of
an optical fiber.
Bulk or mass photopolymerization is used for thin and thick
films.15 For uniform illumination of nonscattering polymers, the
process of photopolymerization is well understood and mostly
modeled using the Beer–Lambert law that describes the
exponential decay of the incident light intensity. The extinction
coefficient is equal to the absorption coefficient, since scattering
is neglected and the photopolymerized surface area is that of the
illumination area. Figure 1 illustrates the effect of an additive in
the form of scattering particles on photopolymerized volumes.
Although the illumination time and incident illumination area
are the same for the polymer with and without scattering
particles, the polymerized volume varies significantly.
Therefore, a model that takes into account scattering and
absorption, light dose, and illumination pattern is required to
better predict the photopolymerized volume.
In this article, we investigate photopolymerization of implant-
able tissue replacements, which are injected through a thin needle
and then hardened by illumination with an optical light guide.
Based on a statistical Monte Carlo16,17 approach, a model for pho-
topolymerization is presented. Monte Carlo is a well-known
method to model light transport through a scattering medium.
It consists of tracking single photon packages and predicting
their way throughout a predefined volume based on the media’s
absorption (μa), scattering (μs), and anisotropy coefficient (g).
Monte Carlo studies have been conducted on a broad selection
of tissues, for optical neural stimulation,18 glucose monitoring,19
cancer detection,20 and many others. Bulk-photopolymerization
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induced by an incident laser beam has been studied using Monte
Carlo15 or analytical models.21 However, Monte Carlo modeling
of photopolymerization with different absorption, scattering coef-
ficients, and its experimental validation has not been investigated
to our knowledge.
This article is organized as follows: the hydrogel precursor
composition and fiber-based illumination is introduced in
Sec. 2. The experimental method to measure the absorption
and scattering coefficients is presented in Sec. 3. Section 4
describes the Monte Carlo simulation model to predict a photo-
polymerization volume, and Sec. 5 describes its experimental
validation. Section 6 models photopolymerization of hydrogels
in tissue cavities. An application example of an intervertebral
disc replacement is presented. The effect of scattering additives
on final polymerization volume is shown. A simple method is
proposed to integrate any type of tissue geometry into the
simulations.
2 Hydrogel Material and Illumination
We selected a poly(ethylene-glycol) hydrogel because of its com-
mercial availability and interesting biomechanical properties. Due
to their elastic strength,22 swelling ability,14 and bio-compatibility23
poly(ethylene-glycol) hydrogel systems are promising for carti-
lage,9 tissue replacements,24 arterial coating,11 and bio-sensors.25
Four different poly(ethylene-glycol)dimethacrylate (PEGDMA)
systems were prepared with the following combination of absorption
(μa) and scattering (μs) coefficients: (1) low μa and low μs, (2) high
μa and low μs, (3) low μa and high μs, and (4) high μa and high μs.
PEGDMA 6 kDa was synthesized as previously described,26 the
used photoinitiator was Irgacure-2959 (BASF, Ludwigshafen,
Germany), and the scattering additives were Intralipids (Fresenius
Kabi, Louviers, France). μa is adjusted by varying the concentration
of the photoinitiator and μs is adjusted by adding Intralipids.
Phosphate buffer solution was used as the liquid in the hydrogel.
Quantities and concentrations are presented in Table 1.
The photoinitiator Irgacure-2959 (1%w/v) absorbs most effi-
ciently between 280 and 320 nm (Fig. 2). Unfortunately, deoxy-
ribonucleic acid nucleotides have their main absorption peaks in
this wavelength range27 and therefore admissible light doses for
in vivo applications in this range are extremely low.28 Thus, we
opted for a longer wavelength to increase significantly the
admissible dose and selected 365 nm, a wavelength where
solid-state light-emitting diodes (LEDs) have high brightness
and are commercially available. An optical fiber with 600-
μm-core diameter, 0.22 numerical aperture (Polymicro
Technologies, FVPE60060710/2M), was butt-coupled to a
high-power LED chip with emission area of 0.72 mm2
(Nichia, NCSU033B, Tokushima, Japan). The final fiber optical
output power at the fiber tip was 6.5 mW.
3 Determination of Absorption and Scattering
Coefficient
In an absorbing and scattering compound, the scattering and
absorption coefficients can be measured separately if
μa >> μs; μext ¼ μa þ μs ≈ μa and vice versa for μa << μs. In
Fig. 3, the setup is presented: the previously described output
of the LED fiber-coupled light source is collimated and incident
on a 1-mm-thick hydrogel sample sandwiched between two
1-mm-thick glass slides that forms a chamber to confine the liquid
and uncrosslinked polymer. The extinction coefficient can be
measured throughout the transition from liquid to solid hydrogel.
To reduce the optical noise (glass interfaces, local tilts, etc.), the
chamber is fixed and can be filled or emptied without moving it.
Water is used at a reference before each test. One detector mea-
sures the transmitted light and another serves as a reference.
During photopolymerization, the photoinitiator is consumed
and a polymer-network forms. Thus, it can be expected that opti-
cal properties change during photopolymerization. In the case of
the PEGDMA hydrogel, we did not find a significant increase or
decrease of the extinction coefficient throughout the photopoly-
merization reaction for any of the four tested hydrogels. Table 2
shows the measured results for the scattering and absorbing
coefficients.
4 Monte Carlo Model for Photopolymerization
Photopolymerization is a multiphysics problem, which includes
light transport, bi-phasic (liquid and solid) mass transport (swell-
ing and diffusion), molecular dynamics, and photochemical reac-
tions. The Monte Carlo approach consists of tracking energy
Fig. 1 Poly(ethylene-glycol) dimethacrylate hydrogels. Left: with scat-
tering particles (SP) (intralipids). Right: No SP. The hydrogel without
SP has a methylene blue dye to visualize the photopolymerized vol-
ume. (a) Samples during illumination. Illumination is performed with
the output of a 600-μm-core diameter optical fiber placed 5 mm
from the cuvette; (b) after extraction of the unpolymerized liquid.
The red lines indicate the polymerized volumes. Light dose and
illumination area are the same for both samples.
Table 1 Preparation of poly(ethylene glycol) dimethacrylate
(PEGDMA) – 6-kDa hydrogel samples.
Sample
PEGDMA
6000 (mg)
Irgacure 2959
(1% w/v) (ml)
Intralipids
(10% w/v)
(ml)
Phosphate
buffer solution
(ml)
1. Low μa
and low μs
220 0.22 — 0.659
2. High μa
and low μs
220 0.66 — 0.217
3. Low μa
and high μs
220 0.22 0.1 0.659
4. High μa
and high μs
220 0.66 0.1 0.217
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packages through space and thus can account for a maximum of
effects. Events like absorption or scattering are characterized
statistically. Wang’s Monte Carlo model16,17 (C++ code) was
rewritten in MATLAB®. This reduced computational speed
considerably, but drastically simplified programming and code
validation due to amount of available filter- and spline-functions
in MATLAB®. The following assumptions were taken in the
model: (1) The initially liquid hydrogel precursor absorbs energy
step-wise and at a given threshold, a subvolume (voxel) changes
into solid material. (2) The liquid hydrogel precursor and the solid
hydrogel are separated by a discrete boundary (different refractive
index). As the reaction goes on, this interface changes dynami-
cally. (3) Photons (photon-packages) can be reflected or refracted
at this interface and also at the polymer–tissue interface. (4)
Scattering and absorption coefficients are dependent on the pho-
ton package’s position (photon in liquid hydrogel precursor, in
solid hydrogel or within tissue). (5) Scattering and absorption
coefficients can vary over time (throughout the reaction).
Figure 4 shows the modeled intensity distribution of an optical
fiber output in hydrogel precursor. One simulation consists of
108 photons. After every million-photon package, iso-intensity
levels are computed [Fig. 4(b)]. One iso-level is chosen as boun-
dary between solid and liquid hydrogel (e.g., 0.3 or 0.5). This
selected iso-level is extracted and thus the volume-growth can
be plotted over time [Fig. 4(c)]. The voxel size was chosen to
be 10 × 10 μm.
Due to the statistical nature of Monte Carlo models, solutions
have to be averaged over local areas to create proper surfaces
between different domains. A median filter (MATLAB®)
applied over a neighborhood of 15 × 15 voxels gives good
results as it showed the most similar surfaces compared with
experimentally photopolymerized hydrogel samples. The
plots in Fig. 4(b) indicate the amount of absorbed energy and
need to be correlated to a solid or liquid material state by setting
a gel point, the boundary between liquid and solid hydrogel.
Brulle et al.21 proposed, via simulation, to set the gel point at
57% of totally absorbed light energy. Photorheology measure-
ments were performed on the 6-kDa PEGDMA hydrogel and
data is shown in Fig. 5(a). Results show that the hydrogel
changes from liquid to solid after about 40% of total irradiation
energy. Using this information one iso-level [Fig. 4(b)] can be
extracted at every time-step to form a growth pattern over time
[Fig. 4(c)].
During a simulation run, a photon knows its position, but not
the material it is crossing, thus a level-set function φ, attributed
to each voxel, is defined:
φ ¼
8><
>:
0 outside of investigated area
1 liquid
2 solid
3 tissue
: (1)
If a photon package crosses the solid–liquid boundary, the
stepping algorithm calculates the change in φ, the position
where the boundary is crossed, and computes its orientation
at the intersection with the photon path [Fig. 5(b)]. Thus, refrac-
tions or reflections are calculated dynamically while interfaces
change their position. Circularly or linearly polarized light is
averaged to compute reflection and refraction probabilities.17
The algorithm also takes into account time-dependent changes
in absorption and scattering coefficients, which can be defined
using a desired polynomial function [e.g., μsðtÞ ¼ μs0 þ a1  t).
Further information on the algorithm is detailed in Ref. 29.
5 Experimental Validation of the Monte Carlo
Model
To validate the Monte Carlo model introduced in Sec. 4, four
hydrogel samples (Table 1) were placed in a cuvette and illumi-
nated by the previously described, 600-μm-core optical
fiber (365 nm). The fiber is touching the liquid polymer
Fig. 2 Absorption curves of the used photoinitiator (Irgacure-2959,
1% w/v). The photosensitizer reacts best around 300 nm, but can
also be used at longer, more bio-acceptable wavelengths.
Detector
Detector
LED (365nm)
Liquid chamber
Glass slide 
(beamsplitter)
Lense
Pump
Fig. 3 Transmission setup at 365 nm to measure the extinction coef-
ficient of either a scattering or an absorbing compound. The colli-
mated beam is split into two arms; one is used as reference and
the second passes through the sample. The chamber is fixed. Its
content can be injected or extracted.
Table 2 Measured scattering and absorbing coefficients at 365 nm
(mean and maximal measurement error). These values are used for
the simulations (*assumed values for simulations): As extinction-,
absorption- and scattering-coefficients linearly depend on molar con-
centrations of a certain compound, they can be measured individually
and then be summed up in a mixed solution.
Absorption coefficient
μa (cm−1)
Scattering coefficient
μs (cm−1)
1. Low μa and low μs 0.131 0.003 0.00*
2. High μa and low μs 0.430 0.004 0.00*
3. Low μa and high μs 0.131* 6.76 0.48
4. High μa and high μs 0.430* 6.85 0.62
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[Fig. 6(a)]. The output power at the fiber tip is 6.5 mW. A con-
stant volume of 2 ml of un-cross-linked polymer was injected
into the test cuvettes. Samples were photopolymerized during 3,
5, and 10 min. After illumination, the solid polymer was
extracted, dried from un-bonded liquid, and weighed. In
Figs. 6(b) and 6(c), the volumes and shapes between simulation
and experimental results are compared. The experimental
volumes and shapes agree very well with the simulated results
except for the samples with high absorption and low scattering.
This discrepancy can be explained by the following factors:
(1) The Fresnel reflections of the cuvette’s side glass walls are
taken into account, but not on the cuvette’s bottom. (2) The
length of the cuvette limits the size (length) of the hydrogel-
shape. (3) The simulations do not take into account polymer
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Fig. 4 Monte Carlo simulation of photopolymerized volume. The light source is the output of an optical
fiber. (a) Distribution of absorbed energy calculated by the Monte Carlo model. (b) Fitted iso-levels at a
given time-step: solid hydrogel in the center and liquid hydrogel precursor outside (c) polymer-volume-
growth over time.
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Fig. 5 (a) Photorheology measurement of the poly(ethylene glycol) dimethacrylate (PEGDMA) hydrogel:
The gel point (change from liquid to solid) is reached after ∼250 s corresponding to 40% of absorbed
energy. (b) Interactions of photons with a tissue cavity: The red lines indicate the paths of the tracked
photon package.
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diffusion, which strongly influences the outcome of photopoly-
merization.30,31 As the material diffuses, nucleation is only
possible next to already existing solid polymer, thus hydro-
gel-shapes tend to grow outward of the cone of light (given
by the output of the fiber), whereas in the Monte-Carlo simu-
lations the volumes grow within the cone of light.
In the simulations, the energy per photon package is 65 nJ
(108 photon packages over 16.7 min at 6.5 mW). The amount of
photons is 1.2 × 1011 per photon package at 365 nm.
We found that refractions and reflections on the liquid/solid
interfaces do not influence photopolymerization outcomes in a
significant way. This is because the refractive index between the
liquid and solid is approximately Δn ¼ 0.01 (Ref. 21). We also
report that by preilluminating the hydrogel it was possible to
photopolymerize volumes up to 3500 mm3 within 10 min
using the previously mentioned 600-μm fiber. The preillumina-
tion time was chosen to be equal to the time for which the liquid
polymer starts to change its shear modulus (inflexion point
in Fig. 5).
6 Modeling and Experimental Application of
Photopolymerization in Tissue Cavities
Figure 7 illustrates light scattering and photopolymerization in a
tissue cavity. Figure 7(b) shows the autofluorescence of an inter-
vertebral bovine disc cavity injected with a liquid hydrogel
monomer and illuminated with 365-nm light from a fiber housed
in a rigid needle.
0
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Fig. 6 Four different photopolymerized hydrogel samples (Table 1). (a) Cuvette setup with a fiber
immersed into the liquid hydrogel precursor. (b) Volumes of experimentally polymerized samples
(stars and triangles) and computed results (colored lines) are compared. (c) Pictures of the shapes
of experimentally polymerized and simulated samples (colored contours) after 3, 5, and 10 min of
light illumination: The black arrow shows an area where the liquid hydrogel precursor did not solidify
due to the size of the cuvette. The white arrow shows an area where polymerization took place due
to polymer-diffusion, swelling, and back-reflections.
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The surrounding tissue absorbs light, but it can also reflect and
scatter it, which directly alters the local irradiance and thus photo-
polymerization [Fig. 7(b)]. Photopolymerization, light source,
and interactions of tissue/polymer interfaces with photons were
modeled with the Monte Carlo model presented in Secs. 4 and
5. The energy absorbed (light dose) by the hydrogel is shown
in Fig. 8. The tissue cavity was designed arbitrarily using a draw-
ing software (Illustrator).
The position of the fiber-tip is important [Figs. 8(a)–8(c)].
Missing the cavity by a distance of <500 μm [Fig. 8(b)] leads
to no significant light dose in the cavity. In Fig. 8(c), the polym-
erized volume is 38.1 mm2, whereas in Fig. 8(b) it is only
2.2 mm2 and in Fig. 8(a) it is 0 mm2. We observe in Fig. 8(c)
that even if the probe is placed at the right position the low-scatter-
ing coefficient and thehigh-absorptioncoefficient doesnot lead to
a complete polymerization of the cavity volume. By adding scat-
tering particles, the scattering coefficient rises [Figs. 8(c)–8(f)]
and the amount of photopolymerized hydrogel can be increased
by a factor 4 to 152.4 mm2 [Fig. 8(f)], where the cavity is com-
pletely filled with solid polymer. There is an optimal amount of
lightprobe 
Tissue
Filled cavity
(a)
hydrogel injection
(b)
Fig. 7 (a) Schematic: the purple arrows show possible reflections and refractions of back-scattered pho-
tons. (b) Autofluorescence of a bovine intervertebral disc tissue cavity (Ref. 32) filled with a PEGDMA-
hydrogel and illuminated with a light-probe consisting out of an 18-gauge needle and a 600-μm fiber.
(a) (b) (c)
(d) (e) (f)
Fig. 8 Photopolymerization of a hydrogel within a tissue cavity: (a) the hydrogel precursor
(μa ¼ 0.43 cm−1, variable μs) is injected into the cavity. The surrounding tissue is modeled with an
absorption coefficient of μa ¼ 0.33 cm−1 and scattering coefficient μs ¼ 210 cm−1. An optical fiber (violet
arrow) is introduced into/next to the cavity (NA ¼ 0.22, diameter 600 μm), the color-scale indicates the
amount of absorbed energy per voxel. The hydrogel precursor requires a minimal irradiance of 0.52 μJ
per voxel corresponding to a fluence of 520 mJ∕cm2 for photopolymerization. (a) The probe is placed
several millimeters away from the cavity, (b) the probe is located next to the cavity wall, (c) the probe is in
the cavity, no scattering additives are present in the gel (μs ¼ 0.000 cm−1), (d) low amount of SP
(μs ¼ 0.1 cm−1), (e) medium amount of SP (μs ¼ 1 cm−1), and (f) high amount of SP (μs ¼ 10 cm−1).
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scattering particleswhich can be added to the gel. If this amount is
too low [Fig. 8(e)] light is scattered weakly and most of it is
absorbed at the cavity edge. We find that a scattering coefficient
μs ¼ 10 cm−1 leads to an adequate level of scattering that pro-
vides a uniformly absorbed-light dose in the cavity. If the concen-
tration of scattering particles increases further, the light is not able
to reach the edges of the cavity anymore.
7 Conclusion
A simple and robust photopolymerization Monte Carlo model is
presented and applied to the case, where the dimension of the
light source is much smaller than the volume of the photopoly-
merizable hydrogel. The model was validated and compared with
experimental results by using a PEGDMA hydrogel. Good agree-
ment between predicted and actual polymer volumes and shapes
was found. Reflection and refraction effects at solid–liquid inter-
faces did not impact the shape or volume of photopolymerized
material. Our in vitro experiments show that uniform spherical
volumes up to 700 mm3 can be photopolymerized in 10 min
using intralipids, and that by preilluminating a hydrogel precur-
sor, a volume of up to 3500 mm3 can be reached. Simulations and
photopolymerization experiments inside a cavity filled with a
hydrogel provide insights into the polymer–light–tissue inter-
actions. We observed that the probe position is crucial and
that a certain amount of scattering particles increases the polym-
erized volume by a factor of 4. Furthermore, it is conceivable that
a gradient of scattering particles in the hydrogel is used to tailor
the polymerization rates of certain areas and hence their mechani-
cal properties. Thus, by means of simulations and in situ experi-
ments, this article shows the potential for injecting and hardening
photopolymerizable, optically scattering hydrogel implants
through a small-diameter fiber thus paving the way for minimal
invasively implanted tissue replacements or scaffolds.
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